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1
VERTICAL HIGH-VOLTAGE
SEMICONDUCTOR DEVICE AND
FABRICATION METHOD THEREOF

TECHNICAL FIELD

The present invention relates to a silicon carbide semicon-
ductor device formed on a silicon carbide (SiC) substrate and
a fabrication method thereof. The present invention further
relates to a power semiconductor device capable of control-
ling high breakdown voltage and large current and particu-
larly to a vertical high-voltage semiconductor device and an
IGBT using silicon carbide, which is a wide band gap mate-
rial, as a semiconductor, and a fabrication method thereof.

BACKGROUND ART

Silicon monocrystal is conventionally used as material for
power semiconductor elements controlling high breakdown
voltage and large current. At present, power semiconductor
elements fall into several types, which are selectively used
according to the intended use. For example, since bipolar
transistors and insulated gate bipolar transistors (IGBTs) can-
not be switched at high speed although current density can be
increased, the use of bipolar transistors is limited up to several
kHz and the use of IGBTs is limited up to about 20 kHz. On
the other hand, power MOSFETs can be used at high speeds
up to several MHz although large current cannot be handled.

However, since a power device supporting both large cur-
rent and high-speed performance is strongly demanded by the
market, particular efforts are made to improve IGBTs and
power MOSFETs, which substantially reach the theoretical
limit decided by materials.

FIG. 12 depicts a cross-sectional structure of a conven-
tional MOSFET. An n~ drift layer 302 is disposed on an n*
substrate (sub) 301; a p-base layer 303 is laminated on the n~
drift layer 302; an n* source layer 304 is selectively formed in
a surface layer of the p-base layer 303; and a gate electrode
307 is formed on the n~ drift layer 302 and the p-base layer
303 as well as the n* source layer 304 via a source electrode
305 and a gate insulating film 306. Reference numeral 308
denotes a drain electrode.

Moreover, superjunction MOSFETs have recently gained
attention. Superjunction MOSFETs are known as being pub-
lished as a theory by Fujihira, et al in 1997 (see Non-Patent
Literature 1) and being put into production as CoolMOSFET
by Deboy, et al in 1998 (see Non-Patent Literature 2). These
MOSFETs are characterized in that a P-layer is vertically
formed into a columnar structure in an n~ drift layer so as to
drastically improve ON-resistance without deterioration in
breakdown voltage characteristics between the source and
drain.

Semiconductor materials are also studied in terms of power
semiconductor elements and, as reported by Shenai (see Non-
Patent Literature 3), SiC is recently attracting particular atten-
tion as a next generation power semiconductor element
because the element is excellent in terms of low ON-voltage
and high-speed/high-temperature properties. This is because
SiC is, chemically, a very stable material with a wide band gap
of'3 eV and can be used very stably as a semiconductor, even
at high temperatures. Another reason for the recent attention
is that SiC has a maximum field strength higher by one or
more digits than silicon. SiC is very likely to exceed the
material limit of silicon and is therefore largely expected to
grow in use as power semiconductors or particularly MOS-
FETs in the future. SiC is particularly expected to achieve
smaller ON-resistance, and it can be expected to realize a
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2

vertical SiC-MOSFET having lower ON-resistance with high
breakdown voltage characteristics maintained.

A cross-sectional view of the structure of a typical SiC-
MOSFET is the same as that in the case of silicon, as depicted
in FIG. 12. The p-base layer 303 is laminated on the n~ drift
layer 302; the n* source layer 304 is selectively formed on the
surface layer of the p-base layer 303; the gate electrode 307 is
formed on the n~ drift layer 302 and the p-base layer 303 as
well as on the n* source layer 304 via the gate insulating film
306; and the drain electrode 308 is formed on the back surface
of the substrate 301.

A SiC-MOSFET formed in this way is expected to be
utilized as a switching device in the form of an element
switchable at high speed with low ON-resistance in power
conversion equipment such as an inverter for motor control
and an uninterruptible power supply (UPS). SiC is a wide
band gap semiconductor material and therefore, has a critical
electric field strength that is about ten times higher than that of
silicon as described above, and is expected to achieve suffi-
ciently smaller ON-resistance; however, since the critical
electric field strength of a semiconductor is increased by a
factor of ten, a concentrated load of the electric field to an
oxide film is also increased as compared to silicon elements
particularly when a high voltage is applied. Therefore, the
oxide film may be destroyed in the case of SiC consequent to
a factor that does not cause a problem in a silicon power
device because the critical electric field strength of silicon is
reached before a larger electric field is applied to the oxide
film. For example, a larger electric field is applied to the gate
oxide film of the SIC-MOSFET depicted in FIG. 12, which
may result in destruction of the gate oxide film or a significant
problem in reliability. This may occur in not only SiC-MOS-
FETs but also SiC-IGBTs.

This problem will be described in detail with an example
depicted FIG. 13 related to the structure of FIG. 12. FIG. 13
is a cross-sectional view of a unit cell thereof. This structure
has a low-concentration n-type drift layer 202 deposited on a
high-concentration n-type substrate 201, a high-concentra-
tion p-type gate layer 231 formed in a surface of the n-type
drift layer 202 by ion implantation, and a low-concentration
p-type layer 232 further deposited thereon. An n-type source
layer 205 is selectively formed in a surface portion of the
low-concentration p-type layer 232; a gate electrode 207 is
formed via a gate oxide film 206 while a source electrode 209
is formed via an interlayer insulating film 208; and a channel
region 211 is formed in the low-concentration p-type layer
232 immediately beneath the gate oxide film 206. An n-type
base layer 204 penetrating the low-concentration p-type layer
232 to the n-type drift layer 202 is selectively formed as an
counter layer by ion implantation of n-type impurities from
the surface. Reference numeral 210 denotes a drain electrode.

Since the channel region 211 is formed in the low-concen-
tration p-type layer without ion implantation, this structure
can increase the mobility of conduction electrons and enables
fabrication of a vertical MOSFET with a smaller ON-resis-
tance. Since a vertical channel portion 224 of a well is com-
pletely blocked at a lower voltage by a depletion layer spread-
ing laterally from the high-concentration p-type gate layer
231 to the low-concentration n-type drift layer 202 in a
blocked state of the well, this structure is characterized in that
leakage from an electric field to a gate oxide film, etc. near the
channel region 211 can be prevented so as to increase the
source/drain breakdown voltage. The blocked state of the
well is achieved when the well is closed by the depletion
layer.

However, even after the depletion layer spreading laterally
from the high-concentration p-type gate layer 231 to the



US 9,362,392 B2

3

low-concentration n-type drift layer 202 has spread in the
vertical channel portion 224 of the well in this structure, if the
counter layer has a lower impurity concentration and a thinner
thickness, a portion of the well is not closed by the depletion
layer, allowing mobile electrons to reach near the interface
with the gate oxide film 206 and apply a strong electric field
to the gate oxide film 206 interposed between the gate elec-
trode 207 and the n-type base layer 204, causing dielectric
breakdown, which is a problem.

Non-patent Literature 1: Fujihira, et al, JJAP, Vol. 36, Part
1, No. 10, 1997, p. 6254.

Non-patent Literature 2: Deboy, et al, IEEE ITEDEM 1998,
p. 683

Non-Patent Literature 3: IEEE Transaction on Electron
Devices, Vol. 36, 1989, p. 1811.

DISCLOSURE OF INVENTION
Problem to be Solved by the Invention

SiC has properties exceeding the material limit of silicon,
such as a wide energy gap and thermal stability, and is, there-
fore, largely expected to grow in use as power semiconduc-
tors and particularly, MOSFETs in the future. SiC is particu-
larly expected to have low ON-resistance and is required to
have a lower ON-resistance without destruction of the gate
oxide films or drops in reliability even when high voltage is
applied.

It is an object of the present invention to provide a vertical
high-voltage semiconductor device having a low ON-resis-
tance without destruction of gate oxide films or drops in
reliability even when high voltage is applied, and to provide a
fabrication method thereof.

It is another object of the present invention to provide a
vertical SiC-MOSFET and IGBT having a low ON-resistance
without destruction of gate oxide films or drops in reliability
even when a high voltage is applied, and to provide a fabri-
cation method thereof.

Means for Solving Problem

To achieve an object,

(1) a unit is provided that ensures the spread of a depletion
layer without a void space is provided so as not to leave a
portion of a well unclosed by the depletion layer when the
depletion layer completely spreads in the channel portion of
the well in a vertical high-voltage semiconductor device in
which an counter layer making up the channel has a lower
impurity concentration and a thinner thickness.

As aresult, since a well portion facing a gate oxide film is
completely closed by the depletion layer, mobile electrons no
longer reach the gate oxide film through the unclosed well
portion, an electric field does not concentrate on the gate
oxide film and the dielectric breakdown of the gate oxide film
does not occur. In other words, in the vertical high-voltage
semiconductor device in which the counter layer makingup a
channel has a lower impurity concentration and a thinner
thickness, a problem can be prevented that, even after the
depletion layer completely spreads in a channel portion of a
well, a portion of the well is not closed by the depletion layer,
allowing mobile electrons to reach near the interface with the
gate oxide film and apply a strong electric field to the gate
oxide film, causing dielectric breakdown.

(2) For the unit ensuring the spread of the depletion layer of
(1),

a joining portion is provided that includes a second-con-
ductivity-type region for protecting the gate oxide film and a
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base region on a drift region such that a depletion layer
generated in the drift region can be push into the drift region.
The joining portion is continuously disposed integrally with
respective portions of the second-conductivity-type region
and the base region.

(3) For the unit ensuring the spread of the depletion layer of
(),

respective portions of the second-conductivity-type region
and the base region are integrally provided with joining por-
tions including

apoint (a) thatis farthest and equidistant from centers of all
the source regions facing each other, and

(b) thatis closest and equidistant from end portions farthest
from the centers of the source regions

in a plane in the direction along a substrate surface (in a
planar view).

The joining portions are configured on the basis of a con-
figuration of the source region. In a cell electrode (source
electrode), an outer shape of a surface along a substrate sur-
face is formed into an electrode shape that is the same shape
as, or a similar reduced shape of, an outer shape of the surface
of the source region. In particular, the outer shape of the cell
electrode (source electrode) is preferably formed into a simi-
lar reduced shape slightly smaller than the outer shape of the
source region.

(4) Respective linking portions are formed for the base
region provided with the source region of each cell and a
second-conductivity-type region for protecting the gate oxide
film facing the base region so as to include a point (a) that is
farthest and equidistant from centers of all the source regions
facing each other, and (b) that is closest and equidistant from
end portions farthest from the centers of the source regions in
a plane in the direction along a substrate surface.

(5) In the case of a hexagonal cell pattern, the joining
portions are integrally disposed in respective portions of the
second-conductivity-type region and the base region so as to
include a point that is farthest and equidistant from the centers
of all the source regions facing each other and that is closest
and equidistant from end portions farthest from the centers of
the source regions (a gap of outlines of depletion layers) in a
planar view.

(6) In the case of a stripe cell pattern, similarly, the joining
portions are integrally disposed in respective portions of the
second-conductivity-type region and the base region so as to
include a point that is farthest and equidistant from the centers
of all the source regions facing each other and that is closest
and equidistant from end portions farthest from the centers of
the source regions in the planar view.

(7) For a unit ensuring the spread of a depletion layer
without a void space so as not to leave a portion of a well
unclosed by the depletion layer when the depletion layer
completely spreads in the channel portion of the well,

respective portions of the second-conductivity-type region
and the base region are integrally provided with joining por-
tions including

apoint (a) thatis farthest and equidistant from centers of all
the source regions facing each other, and

(b) thatis closest and equidistant from end portions farthest
from the centers of the source regions

in a plane in the direction along a substrate surface (in a
planar view).

(8) In a fabrication method of a vertical high-voltage semi-
conductor device, a first-conductivity-type (n-type) SiC layer
2 acting as a drift layer is epitaxially grown on a first-conduc-
tivity-type (n-type) SiC semiconductor substrate 1; a second-
conductivity-type (p-type) semiconductor layer 3 is formed
by implanting ions into a predetermined region of the first-
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conductivity-type (n-type) SiC layer 2; a second-conductiv-
ity-type (p-type) semiconductor base layer 4 is epitaxially
grown on the first-conductivity-type (n-type) SiC layer 2 and
the second-conductivity-type (p-type) semiconductor layer 3;
a first-conductivity-type (N-type) counter layer is formed by
implanting ions into portions of the second-conductivity-type
(p-type) semiconductor layer 3 and the second-conductivity-
type (p-type) semiconductor base layer 4 such that respective
joining portions (linking portions) of the layer 3 and the layer
4 are partially left; and a source region of a first-conductivity-
type (n-type) source layer 7 and a second conductive type
(p-type) contact assistant layer 6 are selectively formed in the
second-conductivity-type (p-type semiconductor) base layer
4. A source electrode (not depicted) is disposed on the source
region 7 and the contact assistant layer 6. A drain electrode
(not depicted) is disposed on a back surface of the semicon-
ductor substrate 1.

(9) In the fabrication method of (8), respective portions of
the second-conductivity-type region and the base region are
integrally provided with joining portions including a point
that is farthest and equidistant from centers of all the source
regions facing each other and that is closest and equidistant
from end portions farthest from the centers of the source
regions in a planar view. The joining portions are configured
on the basis of a configuration of the source region. In a cell
electrode (source electrode), an outer shape of a surface along
a substrate surface is formed into an electrode shape that is the
same shape as, or a similar reduced shape of, an outer shape
of the surface of the source region. In particular, the outer
shape of the cell electrode (source electrode) is preferably
formed into a similar reduced shape slightly smaller than the
outer shape of the source region.

A specific configuration is as follows.

(10) A vertical high-voltage semiconductor device is a
vertical high-voltage semiconductor device having: a first-
conductivity-type semiconductor substrate 1; a first-conduc-
tivity-type semiconductor layer 2 formed on the semiconduc-
tor substrate 1 and having a concentration lower than the
semiconductor substrate 1; a high-concentration second-con-
ductivity-type semiconductor layer 3 selectively formed in a
surface of the semiconductor layer 2; a second-conductivity-
type relatively low concentration semiconductor layer (base
layer) 4 formed on the semiconductor layer 2 and the semi-
conductor layer 3; a first-conductivity-type source region 7
selectively formed in a surface layer of the second-conduc-
tivity-type base layer 4; a first-conductivity-type well region
20 formed to penetrate the second-conductivity-type base
layer 4 from a surface to the first-conductivity-type semicon-
ductor layer 2; a gate electrode layer disposed via a gate
insulating film on at least a portion of a surface exposed
portion of the second-conductivity-type base layer 4 inter-
posed between the first-conductivity-type source region 7 and
the first-conductivity-type well region 20; a source electrode
7 connected via the first-conductivity-type source region 7
and a contact auxiliary layer to the second-conductivity-type
base layer 4; and a drain electrode disposed on a back surface
of the first-conductivity-type semiconductor substrate 1,
wherein

the semiconductor layer 3 and the base layer 4 are respec-
tively joined instead of the well region 20 so as to include as
a joining portion a point that is farthest and equidistant from
centers of all the source regions facing each other and that is
closest and equidistant from end portions farthest from the
centers of the source regions in a planar view.

(11) The vertical high-voltage semiconductor device of
(10) has: a first-conductivity-type semiconductor substrate 1;
a semiconductor layer 7 of the first-conductivity-type formed
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on the semiconductor substrate 1 by epitaxial growth and
having a concentration lower than the semiconductor sub-
strate 1; a high-concentration second-conductivity-type
semiconductor layer 3 selectively formed in the semiconduc-
tor layer 2 by an ion implantation method; a second-conduc-
tivity-type semiconductor layer (base layer) 4 with a rela-
tively low concentration formed on the semiconductor layer 2
and the semiconductor layer 3 by an epitaxial growth method;
afirst-conductivity-type source region 5 selectively formed in
a surface layer of the second-conductivity-type base layer;
and a first-conductivity-type well region 20 formed by an ion
implantation method to penetrate the second-conductivity-
type base layer from a surface to the first-conductivity-type
semiconductor layer 2.

(12) In the vertical high-voltage semiconductor device of
(10) or (11), the semiconductor material is a semiconductor
material with a band gap of 2.2 eV or higher.

SiC may be 2H-SiC, 3C-SiC, 4H-SiC, and 6H-SiC having
band gaps 0of3.33 eV, 2.23 eV, 3.26 eV, and 2.93 eV, respec-
tively. The band gap of SiC is specified to 2.2 eV or higher as
compared to 1.12 of Si.

(13) In the vertical high-voltage semiconductor device of
(10) or (11), the semiconductor material is silicon carbide.

(14) In the vertical high-voltage semiconductor device of
(13), a crystallographic plane index of the first-conductivity-
type semiconductor substrate indicates a plane tilted by an
arbitrary angle greater than or equal to O degrees and less than
or equal to 10 degrees relative to (000-1).

(15) In the vertical high-voltage semiconductor device of
(13), a crystallographic plane index of the first-conductivity-
type semiconductor substrate indicates a plane tilted by an
arbitrary angle greater than or equal to O degrees and less than
or equal to 10 degrees relative to (0001).

(16) A vertical high-voltage semiconductor device of the
present invention is a vertical high-voltage semiconductor
device having: a first-conductivity-type (n-type) semicon-
ductor substrate 1; a first-conductivity-type (n-type) low
impurity concentration semiconductor layer 2 formed on the
first-conductivity-type (n-type) semiconductor substrate 1; a
second-conductivity-type (p-type) high impurity concentra-
tion semiconductor layer 3 selectively formed in the first-
conductivity-type (n-type) semiconductor layer 2; a first-con-
ductivity-type (n-type) conductive source region 7 selectively
formed in a surface layer of a second-conductivity-type
(p-type) conductive base layer 4 after forming the low con-
centration second-conductivity-type (p-type) conductive
base layer 4 on a surface of the second conductive type
(p-type) semiconductor layer 3 and a surface of the exposed
first conductive type (n-type) semiconductor layer 2; a first-
conductivity-type (n-conductivity type) well region 20
formed to penetrate the second-conductivity-type (p-type)
conductive base layer 4 from a surface to the first-conductiv-
ity-type (n-conductivity type) semiconductor layer 2 layer; a
control electrode 9 formed via a gate insulating film 8 on a
surface of the second-conductivity-type (p-conductivity
type) base layer 4 interposed between the first-conductivity-
type (n-conductivity type) source region 7 and a first-conduc-
tivity-type (n-conductivity type) well region 20, and the sec-
ond-conductivity-type region and the base region are
integrally provided with a joining portion including a point
that is farthest and equidistant from centers of all the source
regions facing each other and that is closest and equidistant
from end portions farthest from the centers of the source
regions in a planar view.
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The second-conductivity-type (p-type) semiconductor
layer 3 and the second-conductivity-type (p-conductivity
type) base layer 4 have respective portions extended in a
shape of the joining portion.

A contact with the source electrode is formed on the source
region 7 and the base layer 4, and a drain electrode is formed
on the back surface of the n-type semiconductor substrate 1.

(17) The vertical SiC-MOSFET of (16) is characterized in
that the cell pattern is hexagonal.

In the case of the hexagonal cell pattern, the joining por-
tions are extended radially (on extensions of radial lines from
a center of a cell) from corner portions of the second-conduc-
tivity-type (p-type) semiconductor layer 3 and the second-
conductivity-type (p-type) conductive base layer 4 making up
the cell pattern, and have a width including a gap of outlines
of'the depletion layers. The width is set to a length such that
the well portion facing the gate oxide film is completely
closed by the depletion layer without mobile electrons reach-
ing the gate oxide film through the unclosed well portion so as
not to allow an electric field to concentrate on the gate oxide
film.

(18) The vertical SiC-MOSFET of (16) is characterized in
that the cell pattern is a stripe shape.

(19) In the vertical SiC-MOSFET of (16), the joining por-
tions are configured to include all the gaps of the outlines of
the depletion layers.

(20) An IGBT of any one of (16) to (19) characterized in
that the conductivity type of the semiconductor substrate in
the vertical high-voltage semiconductor device is set to the
P-type.

(21) In a fabrication method of a vertical high-voltage
semiconductor device, a first-conductivity-type (n-type) SiC
layer 2 acting as a drift layer is epitaxially grown on a first-
conductivity-type (n-type) SiC semiconductor substrate 1; a
second-conductivity-type (p-type) semiconductor layer 3 is
formed by implanting ions into a predetermined region of the
first-conductivity-type (n-type) SiC layer 2; a second-con-
ductivity-type (p-type) semiconductor base layer 4 is epitaxi-
ally grown on the first-conductivity-type (n-type) SiC layer 2
and the second-conductivity-type (p-type) semiconductor
layer 3; a first-conductivity-type (N-type) counter layer is
formed by implanting ions into portions of the second-con-
ductivity-type (p-type) semiconductor layer 3 and the sec-
ond-conductivity-type (p-type) semiconductor base layer 4
such that respective joining portions (linking portions) of the
layer 3 and the layer 4 are partially left; and a first-conduc-
tivity-type (n-type) source layer and a second conductive type
(p-type) contact layer are selectively formed in the second-
conductivity-type (p-type semiconductor) base layer 4.

(22) In the fabrication method of (21), the second-conduc-
tivity-type region and the base region are integrally provided
with joining portions including a point that is farthest and
equidistant from centers of all the source regions facing each
other and that is closest and equidistant from end portions
farthest from the centers of the source regions in a planar
view.

EFFECT OF THE INVENTION

According to the present invention, even when the impurity
concentrations of the n-type semiconductor layer 2 and the
n-type semiconductor well region 20 are greatly increased
while the ON-resistance is sufficiently reduced or even if
mutual distances are increased between the p-type semicon-
ductor layers 3 and between the p-conductive type base layers
4 to sufficiently reduce the ON-resistance, a high electric field
is not applied to the gate oxide film on the n-type semicon-
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ductor well region 20 and sufficient element breakdown volt-
age can be retained even it high voltage is applied between the
source and the drain (the source is 0 V and a positive voltage
is applied to the drain).

This is because a depletion layer generated in the drift layer
2 can easily spread in the lateral direction along the P* layer
3 because of respective linking portions between the p-type
semiconductor layers 3 and between the p-conductive type
base layers 4. As a result, even when the impurity concentra-
tions of the n-type semiconductor layer 2 and the n-type
semiconductor well region 20 are designed to be higher than
conventional MOSFETSs, the distances can be increased
between the p-type semiconductor layers 3 and between the
p-conductive type base layers 4 to make the ON-resistance
smaller while the element breakdown voltage is sufficiently
maintained because of the design facilitating the lateral
spread of the depletion layer along the P* layer 3.

Ifthe base layer 4 of the present invention is formed by the
epitaxial growth method, the base layer 4 can be made flat
almost without surface roughness and therefore, the mobility
of a MOSFET portion on the surface becomes extremely
large. As a result, the ON-resistance can be made further
smaller.

If the semiconductor material is silicon carbide, a crystal-
lographic plane index of the n-type semiconductor substrate 1
can be set to an arbitrary angle greater than or equal to 0
degrees and less than or equal to 10 degrees relative to a plane
parallel to (000-1), or a crystallographic plane index of the
n-type semiconductor substrate 1 can be set to an arbitrary
angle greater than or equal to 0 degrees and less than or equal
to 10 degrees relative to a plane parallel to (0001), from a
relationship between an off-angle and flatness of an epitaxial
layer, to sufficiently reduce an off-angle and make a step
sufficiently small and therefore, excellent roughness is
achieved without deteriorating the mobility. Thus, since inter-
face state density can be reduced at the interface between the
gate oxide film and the semiconductor, the mobility of the
MOSFET portion can further be improved. As a result, the
ON-resistance can be made extremely small.

Because of the structure in which an electric field is hardly
applied to the gate oxide film while sufficient breakdown
voltage is retained regardless of crystal plane orientation of
the substrate as exemplified by the (0001) plane system and
the (000-1) plane system, the vertical SIC-MOSFET and the
IGBT can be configured with low ON-resistance and a high
breakdown capability such that high-speed switching can be
realized.

According to the fabrication method of the device of the
present invention, the respective p* type semiconductor lay-
ers 3 are formed on the n-type semiconductor layer 2 acting as
the drift layer, facing the respective source regions, while the
p-conductive type base layers 4 are formed on the p* type
semiconductor layers 3, facing the layers 3, such that the
respective joining portions are integrally formed between the
p" type semiconductor layers 3 and between the p-conductive
type base layers 4 and therefore, the joining portions can
advantageously be laminated and formed at the same time
when the respective layers are laminated, and the respective
joining portions can be formed in a simple lamination proce-
dure.

Since the channel region 18 is formed as the N-well region
having the N~ epitaxial layer 2 and the N-counter layer 5, even
when the N-counter layer 5 can only be formed thinly, the
channel region 18 is made thick overall and therefore, the
electric field applied to the gate oxide film can be reduced.

Since the semiconductor material with aband gap of2.2eV
or higher is used, all the SiCs with a band gap of 2.2 eV or



US 9,362,392 B2

9
higher are available, including 2H-SiC, 3C-SiC, 4H-SiC, and
6H-SiC having band gaps of 3.33 eV, 2.23 eV, 3.26 eV, and
2.93 eV, respectively, for example. The band gap of SiC can
be identified by specifying 2.2 eV or higher as compared to
1.12 of Si. By using such a semiconductor material, the semi-
conductor device can have a wide energy gap and thermally
stable characteristics. The semiconductor device can have
low ON-resistance without destruction of gate oxide films or
degradation of reliability even when high voltage is applied.
Using such a semiconductor material produces an effect that
a fabrication method specific to this material can be applied.

BRIEF DESCRIPTION OF DRAWINGS

FIGS. 1A, 1B, and 1C are diagrams of an SiC-MOSFET in
a first embodiment (gate electrode and oxide film omitted);

FIG. 1D is plane view of gate electrode;

FIGS. 2A and 2B are diagrams for explaining a function of
a joining portion;

FIG. 3 depicts a fabrication method of a vertical planar gate
MOSFET described in the first embodiment of the present
invention (in case of P* substrate of IGBT);

FIGS. 4A,4B, and 4C are diagrams ofthe SiC-MOSFET in
a third embodiment of the present invention;

FIGS.5A, 5B, 5C, 5D, and 5E are explanatory diagrams of
awell blocked state of the SiC-MOSFET in the third embodi-
ment of the present invention;

FIG. 6 is a P+ layer interval/element breakdown voltage
characteristic diagram of the first embodiment of the present
invention and a conventional SiC-MOSFET and is a com-
parative evaluation result;

FIG. 7 is a characteristic diagram of a measurement result
of a short circuit capability test of the SIC-MOSFET in the
first embodiment of the present invention;

FIG. 8 is a characteristic diagram of a turn-off breakdown
capability evaluation test of the SiC-MOSFET in the first
embodiment of the present invention;

FIGS. 9A and 9B are turn-off switching waveform dia-
grams of the SiC-MOSFET in the first embodiment of the
present invention;

FIGS. 10A and 10B are turn-on switching waveform dia-
grams of the SiC-MOSFET in the first embodiment of the
present invention;

FIG. 11 depicts a table of respective characteristics of first
to five embodiments of the present invention as well as con-
ventional elements;

FIG. 12 is a cross-sectional view of a conventional MOS-
FET,

FIG. 13 is a diagram depicting an off state of an SiC-
MOSFET in a conventional example; and

FIGS. 14A and 14B are explanatory views when the join-
ing portion is omitted from the first embodiment of the
present invention.

BEST MODE(S) FOR CARRYING OUT THE
INVENTION

Embodiments of the present invention will be described
with reference to the accompanying drawings.
First Embodiment

A first embodiment of the present invention will be
described with reference to FIGS. 1A, 1B, 1C, and 1D. FIG.
1A is a cross-sectional view taken along a cut line E-F of FIG.
1B or FIG. 1C and is a plane view of a state in which an upper
side from a gate oxide film is removed. FIG. 1B is a cross-
sectional view taken along a cut line A-B of FIG. 1A. F1G. 1C
is a cross-sectional view taken along a cut line C-D of FIG.
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10
1A. FIG. 1D is a plane view of a gate electrode corresponding
to FIG. 1A. FIGS. 2A and 2B are diagrams for explaining a
function of a joining portion.

Inthe description of this embodiment, a vertical planar gate
MOSFET is described as a MOSFET with an element break-
down voltage of 1200 V formed by using silicon carbide as a
semiconductor material.

The first example Of FIGS. 1A, 1B, 1C, and 1D represents
the case of a hexagonal cell pattern.

A vertical high-voltage semiconductor device of FIGS. 1A,
1B, 1C, and 1D, or particularly a vertical SIC-MOSFET, is
made up of an n* type semiconductor 1, an n~ type epitaxial
layer 2 that is a drift layer epitaxially grown on the semicon-
ductor substrate 1, a P* type semiconductor layer 3 selectively
formed in the n™ type epitaxial layer 2, a p~ type semiconduc-
tor layer 4 epitaxially grown on a surface of the P* type
semiconductor layer 3, an n* type source region 7 selectively
formed in a surface layer of the p~ type semiconductor layer
4, an n-type well region 20 formed to penetrate the p~ type
semiconductor layer 4 from the surface to the n-type epitaxial
layer 2 layer, and a gate electrode 9 formed via a gate insu-
lating film 8 on a surface of the p-type semiconductor layer 4
interposed between the n-type source region 7 and the n-type
well region 20. The n-type well region 20 has an N-counter
layer 5 and the n™ type epitaxial layer 2 and acts as a channel
region 18. A region 6 acts as a contact auxiliary layer. A region
10 is an interlayer insulating film. A region 17 is a linking-
portion lower region in the n~ epitaxial layer 2.

A source electrode (not depicted) is disposed on the first-
conductivity-type source region 7 and the contact auxiliary
layer 6. A drain electrode (not depicted) is disposed on the
back surface of the semiconductor substrate 1.

A joining portion 46 has a joining portion 15 of the p~
epitaxial layer 4 and a joining portion 16 of the P* layer 3 of
FIG. 1C and is disposed immediately beneath the gate insu-
lating film 8 and the gate electrode 9.

The joining portion 46 makes up a unit ensuring the spread
of a depletion layer without a void space so as not to leave a
portion of a well not closed by the depletion layer when the
depletion layer completely spreads in the channel portion of
the well, includes a point that is farthest and equidistant from
the centers of all the source regions facing each other and that
is closest and equidistant from end portions farthest from the
centers of the source regions (a gap of outlines of depletion
layers) in a plane in a direction along a substrate surface (in
the planar view), has the joining portion 16 of the P* layer 3
(second-conductivity-type region for protecting the gate
oxide film) and the joining portion 15 of the p~ epitaxial layer
4 (base region), and is disposed integrally with the respective
layers.

The joining portion is configured on the basis of a configu-
ration of the source region. In cell electrode (source elec-
trode), an outer shape of a surface along a substrate surface is
formed into an electrode shape that is the same shape as, or a
similar reduced shape of, an outer shape of the surface of the
source region. In particular, the outer shape of the cell elec-
trode (source electrode) is preferably formed into the similar
reduced shape slightly smaller than the outer shape of the
source region.

In the case of a hexagonal cell pattern, the joining portions
are integrally disposed in the second-conductivity-type
region 3 and the base region 4 so as to include a point that is
farthest and equidistant from the centers of all the source
regions facing each other and that is closest and equidistant
from end portions farthest from the centers of the source
regions (a gap of outlines of depletion layers) in the planar
view.
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As depicted in FIG. 2A, when a well is blocked by the
depletion layer, an outline 19 of the depletion layer spreads
through a channel region 18 to the gate insulating film 8 until
the channel region 18 of the well is completely blocked by the
depletion layer 19 extending from the P* layer 3 to the chan-
nel region 18. In this case, since the joining portion 46 is
continuously formed in the longitudinal direction of the P*
layer 3 as depicted in FIG. 2B and therefore, a space from the
drift layer 2 immediately beneath the gate oxide film 8 and the
gate electrode 9 to the oxide film 8 is isolated, the outline 19
of the depletion layer 19 does not come closer to the oxide
film 8 and no gap is generated in the outline of the depletion
layer.

Functions/effects of the joining portion 46 will be
described with reference to FIGS. 14A and 14B. FIGS. 14A
and 14B are explanatory views when the joining portion 46 is
omitted from the first embodiment depicted in FIGS. 1A, 1B,
1C, 1D, 2A and 2B. FIG. 14A is a plane view taken along a cut
line I-J of FIG. 14B, and FIG. 14B is a cross section view
taken along a cut line E-F of FIG. 14A. Reference numerals
101 to 109 and 119 are acquired by adding 100 to reference
numerals of the corresponding constituent elements of the
first example.

While a well is blocked by depletion layers, the depletion
layers are generally formed as the outlines 119 indicated by
dotted lines. On a line connecting center points of adjacent
hexagonal cell patterns through a straight line (see FIGS. 2A
and 2B), the outlines 119 of the mutually facing depletion
layers are formed in contact with each other such that the well
is completely blocked. However, on a line connecting center
points of adjacent hexagonal cell patterns as indicated by a
line segment E-F, a gap 120 of the outlines of the depletion
layers is formed because the outlines 119 of the depletion
layers do not come into contact with each other as depicted in
an enlarged view surrounded by a circle mark in FIG. 14A. If
the outlines 119 of the depletion layers come into contact with
each other, no drift region is formed and current is prevented
from flowing. Contrarily, if the outlines 119 of the depletion
layers do not come into contact with each other in some
locations, drift regions are formed, facilitating a current flow.

The center of the gap 120 of the outlines of the depletion
layers is a position at which lengths from the center points of
the three adjacent hexagonal cell patterns are equal.

In this example, the gap 120 of the outlines of the depletion
layers is substantially triangular in the plane view of FIG.
14 A, substantially parallel in the cross-sectional view of FIG.
14B, and generally has a substantially triangle pole shape. A
shape of the gap of the outlines of the depletion layers differs
depending on a cell pattern.

The gap 120 of the outlines of the depletion layers is
formed in a cross-sectional view as depicted in the cross-
sectional view of FIG. 14B.

Therefore, an electric field may concentrate between a
portion a of a circle mark at which the outline 119 of the
depletion layer comes into contact with a gate insulating film
108 on the gate electrode 109 side and a portion b of a circle
mark at which an n-type source region 107 comes into contact
with the gate insulating film 108 on the gate electrode 109
side, resulting in dielectric breakdown of the gate oxide film
108.

The joining portion of the present invention can prevent
destruction of the gate oxide film due to the electric field
concentration.

FIG. 3 depicts a fabrication method of the vertical planar
gate MOSFET described in the first embodiment of the
present invention.
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FIG. 3(a) includes steps of the left column of FIG. 3 and is
a cross-sectional view of steps of manufacturing a portion
without the P* layer 3 connected thereto. FIG. 3(5) includes
steps of the right column of FIG. 3 and is a cross-sectional
view of steps of manufacturing a portion with the P* layer 3
connected thereto. The steps consist of: step 1 (al, b1), N™
epitaxial (the epitaxial layer 2) growth; step 2 (a2, b2),
implantation of the P* layer 3 (ion implantation); step 3 (a3,
b3), epitaxial growth of the P-layer 4 (epitaxial growth of the
base region 4); step 4 (ad), inversion of the N-layer 5 (ion
implantation); step 5 (a5, bS), formation of the N* region 7
(source region) and the P+ layer 6 (contact auxiliary layer for
the base region 4); step 6 (a6, b6), formation of the gate oxide
film 8 and the gate electrode 9; and step 7 (a7, b7), formation
of the interlayer insulating film 10 and the electrodes 12 and
13.

Step 1 (al, bl):

First, the n-type SiC semiconductor substrate 1 is prepared.
In this example, the semiconductor substrate 1 is the low-
resistance SiC semiconductor 1 having about 2x10'° cm™ of
nitrogen as impurities. The crystallographic plane index of
the n-type semiconductor substrate 1 indicates a plane tilted
by 4 degrees relative to (000-1), and the n-type SiC layer 2
having about 1.8x10"® cm™ of nitrogen is epitaxially grown
by 10 um on the plane.

Step 2 (a2, b2):

The P* layer 3 is formed with a width of 13 pm and a depth
of 0.5 pm by the ion implantation method on the layer 2.
Aluminum ions are used in this case. A dosage is set so as to
achieve an impurity concentration of 1.0¥10'®* cm™. As
described later, respective portions of the P* layer 3 are con-
nected to each other (see FIG. 1C). In other words, the P*
layer 3 and the P~ layer 4 are continuously formed into
respectively linked shapes as depicted in FIG. 1C without
forming the N-counter layer 5 and the N-well region 20 as
depicted in FIG. 1B (see step (b2)). This linked portion acts as
a joining portion described later. In the other portions, the P*
layer 3 of a predetermined shape is selectively formed on the
layer 2 by the ion implantation method (see step (b2)).

Although the element is formed in the hexagonal cell pat-
tern in this embodiment, a rectangular cell pattern etc. are
available without problem. A distance between the uncon-
nected P* layers 3 depicted in FIG. 1B is set to 2 pm.

Step 3 (a3, b3):

The P-base layer 4 is formed with a thickness of 0.5 pm on
the p* layer 3 and the n-type layer 2 by the epitaxial growth
method. The impurities in this case are aluminum and an
impurity concentration is set to 2.0¥10* cm™.

Step 4 (ad):

Subsequently, nitrogen ions are selectively implanted at
5.0%10'° cm™ to 1.5 um in depth and 2.0 pm in width to form
the N-counter layer 5 such that the linked portions of the
P-base layer 4 and the P* layer 3 (acting as the joining portion;
see step b(3)) are partially left.

Step 5 (a5, b5):

The n* source layer 7 and the P+ contact layer 6 are selec-
tively formed in the P-base layer 4 by ion implantation.

Step 6 (a6, b6):

Activation annealing is then performed. A heat treatment
temperature and time are 1620 degrees C. and two minutes,
respectively. Subsequently, the gate oxidation film 8 is
formed with a thickness of 100 nm by thermal oxidation and
is annealed at 1000 degrees C. in a hydrogen atmosphere. A
polycrystalline silicon layer doped with phosphorus is
formed as the gate electrode 9 and patterned.
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Step S7 (a7, b7):

A 1.0-um-thick film of phosphorus glass is formed as the
interlayer insulating film 10 on the gate electrode 9 and a
source electrode (not depicted) disposed in contact with the
n* source layer 7 and the layer 6 and, after patterning and heat
treatment, a film of aluminum 11 having 1% silicon is formed
to athickness of 5 um on the surface by the sputtering method.
A film of nickel 12 is formed on the back surface of the
element and, after heat treatment at 970 degrees C., a film of
Ti/Ni/Au 13 is formed. The nickel film layer and the Ti/Ni/Au
film layer make up a drain electrode. A protection film 14 is
lastly added to the surface to complete the element.

In the method, parameters can be changed as needed in
terms of film thickness, temperature, impurity concentration,
a type of additives, etc., as long as a desired semiconductor
element is created by executing a series of procedures.

Measurement results of electrical properties of SiC-MOS-
FETs of the present invention created in this way are
described in Table 1 of FIG. 11. FIG. 11 depicts a table of
respective characteristics of first to five embodiments of the
present invention as well as an SiC-MOSFET and an Si-IGBT
of conventional techniques.

A die size is 3 mm square with an active area of 5.27 mm?®
and rated current is 25 A. In the case of the first embodiment,
the ON-resistance (RonA) is a sufficiently low value of 2.85
mQcm? and the initial element breakdown voltage is 1452V,
which is sufficiently good characteristic for a 1200-V ele-
ment. When measurement was performed for the SiC-MOS-
FET of an comparison example created without connection
between the P-base layer 204 and a P* layer 203 for compari-
son, although the ON-resistance was a comparable suffi-
ciently low value of 2.8 mQcm?, the gate oxide film was
destructed when 880 V was applied between the source and
the drain. This reveals that the element of the present inven-
tion has extremely low ON-resistance while maintaining suf-
ficient element breakdown voltage.

FIG. 6 is a P* layer interval/element breakdown voltage
characteristic diagram of the first embodiment of the present
invention and a conventional SiC-MOSFET and is a com-
parative evaluation result.

FIG. 6 depicts actual measurement results when an element
breakdown voltage and an N-counter layer (P* layer) width
are changed in the SiC-MOSFET of the first embodiment of
the present invention and an SiC-MOSFET without mutual
connections between the P-base layers 204 and between the
P* layers 203 in the SiC-MOSFET of the first embodiment of
the present invention. The horizontal axis indicates a P* layer
interval (um) and the vertical axis indicates an element break-
down voltage (V).

The characteristics of FIG. 6 are actual measurement
results when an element breakdown voltage and an N-counter
layer (P* layer) width are changed in the SiC-MOSFET (A) of
the first embodiment of the present invention and an SiC-
MOSFET (B) created for comparison without mutual con-
nections between the P-base layers 204 and between the P*
layers 203. Concentration and thickness of each layer of the
elements are as described above.

The actual measurement results of the P* layer interval/
element breakdown voltage characteristics are exemplified in
the following table.
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TABLE 1

element breakdown voltage (V

conventional
technique (B)

present

P* layer interval (um) invention (A)

0.5 1466 1000
1.0 1465 925
2.0 1451 878
3.0 1439 725
4.0 1424 647

As a result, it can be seen that the first embodiment of the
present invention realizes high breakdown voltage character-
istic of 1400 V or higher, which is sufficient breakdown
voltage fora 1200-V device. The ON-resistance in this case is
the same in the both conditions and it is found that creating a
cell under a gate pad is effective for reducing ON-resistance
because an effective area in an element increases. It is found
that, to satisfy the high breakdown voltage characteristic of
1400 V or higher equivalent to the first embodiment of the
present invention in the SiIC-MOSFET used for comparison,
amutual distance between the P* layers 203 must be less than
or equal to 1.0 um while the concentration of the N-counter
layer must be reduced to one fifth so as not to exceed the
breakdown electric field of the gate oxide film. The ON-
resistance in this case indicates an extremely high value of
10.8 mQcm?. Therefore, the present invention can improve
the ON-resistance and the element breakdown voltage char-
acteristic at the same time.

A short circuit capability test was performed. In this test, a
source voltage is directly applied between the source and the
drain and a voltage Vg=20V is applied to the gate electrode in
this state to evaluate a time until destruction in psec. The
source voltage is Vec (Vds)=800 V and a measurement tem-
perature (Tj) is 175 degrees C. A schematic of measurement
waveforms is depicted in FIG. 7.

FIG. 7 is a characteristic diagram of a measurement result
of'the short circuit capability test of the SIC-MOSFET in the
first embodiment of the present invention. The horizontal axis
of FIG. 7 indicates time (us) and the vertical axis indicates
voltage (V) and current (A). On the characteristic diagram, a
large amount of electric current is applied at an ON-position.

As a result, the element was not destructed even when the
element conducted the maximum current of 125 A (Ip), which
is five times larger than the element rating, and was not
destructed even after 15 psec, exhibiting sufficient character-
istics.

FIG. 8 is a characteristic diagram of a turn-off breakdown
capability evaluation test of the SiC-MOSFET in the first
embodiment of the present invention. The horizontal axis of
FIG. 8 indicates time (us) and the vertical axis indicates
voltage (V) and current (A).

When the turn-off capability was evaluated, a source-drain
voltage Vds was clamped at 1630V (Vdsclamp of FIG. 8) and
it was confirmed that the SiC-MOSFET could be turned off at
100 A (four times larger than rated current) at 150 degrees C.
without destruction.

Therefore, the element of the present invention can be
considered as an element realizing low ON-resistance and
having extremely large short circuit capability and turn-off
capability. When the capabilities are evaluated for a conven-
tional SiC-MOSFET created for comparison, the results of
both the short circuit capability and the turn-off capability
were quite inferior to the element of the first embodiment of
the present invention because of insufficient element break-
down voltage (see, Table 1 of FIG. 11).
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When films were formed in the same way on the planes
tilted by an arbitrary angle greater than or equal to 0 degrees
and less than or equal to 10 degrees, for example, 0, 2, 8, and
10 degrees, relative to (000-1) in terms of the crystallographic
plane index of the n-type semiconductor substrate 1 and the
element evaluation was performed for the created elements,
the characteristics were almost unchanged and were favor-
able. The same favorable effects were confirmed when an
element was experimentally produced by using GaN.

FIGS. 9A and 9B are turn-off switching waveform dia-
grams of the SiC-MOSFET in the first embodiment of the
present invention. FIG. 9A depicts characteristics of a drain-
source voltage Vds, a gate-source voltage Vgs, and a drain-
source current Ids when a measurement temperature is R.T
(room temperature) with the horizontal axis indicative of time
and the vertical axis indicative of voltage and current. FIG. 9B
depicts characteristics of the drain-source voltage Vds, the
gate-source voltage Vgs, and the drain-source current Ids
when a measurement temperature is 200 degrees C. with the
horizontal axis indicative of time and the vertical axis indica-
tive of voltage and current.

FIGS. 9A and 9B depict a state after Vgs is switched from
an ON-state to an OFF-state. Ids is switched from 25 A to 0A
and Vds is switched from 0V to 600 V. After the switching, the
voltages promptly converge in about 100 ns.

The characteristics of FIGS. 9A and 9B are favorable as a
semiconductor element in terms of the breakdown voltage
and the resistance value.

FIGS. 10A and 10B are turn-on switching waveform dia-
grams of the SiC-MOSFET in the first embodiment of the
present invention.

FIG. 10A depicts characteristics of the drain-source volt-
age Vds, the gate-source voltage Vgs, and the drain-source
current Ids when a measurement temperature is R.T (room
temperature) with the horizontal axis indicative of time and
the vertical axis indicative of voltage and current. FIG. 10B
depicts characteristics of the drain-source voltage Vds, the
gate-source voltage Vgs, and the drain-source current Ids
when a measurement temperature is 200 degrees C. with the
horizontal axis indicative of time and the vertical axis indica-
tive of voltage and current.

FIGS. 10A and 10B depict a state after Vgs is switched
from an OFF-state to an ON-state. Ids is switched from 0 A to
25A and Vds is switched from 600V to 0 V. After the switch-
ing, the voltages promptly converge in about 100 ns.

The characteristics depicted in FIGS. 10A and 10B are
favorable as a semiconductor element in terms of the break-
down voltage and the resistance value.

Second Embodiment

A vertical SiC-MOSFET was produced with specifications
of' 1200 V and 25 A at the same fabrication steps as the first
embodiment. However, in this embodiment, the crystallo-
graphic plane index of the n-type semiconductor substrate 1
indicates a plane tilted by 4 degrees relative to (0001), and the
n-type SiC layer 202 having about 1.8x10'® cm™ of nitrogen
was epitaxially grown by 10 um on the plane. The other steps
and cell structure are completely the same.

The electrical properties evaluation results of the produced
element are depicted as the second embodiment in Table 1 of
FIG. 11. Although the ON-resistance increases to 4.27
mQcm? by 50% as compared to the embodiment described
above, it can be seen that the ON-resistance characteristic is
sufficiently lower as compared to normal SiC-MOSFETs.

When films were formed in the same way on planes tilted
by an arbitrary angle greater than or equal to 0 degrees and
less than or equal to 10 degrees designed in a stripe cell
pattern, for example, 0, 2, 8, and 10 degrees, relativeto (0001)
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in terms of the crystallographic plane index of the n-type
semiconductor substrate 201 and the element evaluation was
performed for the created elements, the characteristics were
almost unchanged and were favorable.

Third Embodiment

FIG. 4A, 4B, and 4C is a diagram of arrangement of the P+
layer 3 and a cell of the SIC-MOSFET in the third embodi-
ment of the present invention. FIG. 4A is a plane view taken
along acutline E-F of FIG. 4B or FIG. 4C (however, the upper
side from the gate oxide film is not depicted). FIG. 4B is a
cross-sectional view taken along a cut line A-B of FIG. 4A
and FIG. 4C is a cross-sectional view taken along a cut line
C-D of FIG. 4A.

FIG. 5A, 5B, 5C, 5D, and 5E is an explanatory diagram of
a well blocked state of the SiC-MOSFET in the third embodi-
ment of the present invention. FIG. 5A is a plane view taken
along a cut line E-F of FIG. 5B or FIG. 5C; FIG. 5B is a
cross-sectional view taken along a cut line A-B of FIG. 5A;
FIG. 5C is a cross-sectional view taken along a cut line C-D
of FIG. 5A; FIG. 5D is a cross-sectional view taken along a
cut line G-H of FIG. 5A; and FIG. 5E is a cross-sectional view
taken along a cut line G-H of FIG. 5A without a joining
portion.

A vertical SIC-MOSFET in a stripe cell pattern of FIGS.
4A, 4B, and 4C is made up of: an n* type semiconductor
substrate 21; an n~ type epitaxial layer 22 that is a drift layer
epitaxially grown on the semiconductor substrate 21; a P*
type semiconductor layer 23 selectively formed in the n™ type
epitaxial layer 22; an n* type source region 27 selectively
formed in a surface layer of a p~ type semiconductor layer 24
after the p~ type semiconductor layer 24 is epitaxially grown
on a surface of the P* type semiconductor layer 23; an n-type
well region 44 formed to penetrate the p~ type semiconductor
layer 4 from the surface to the n-type epitaxial layer 22; and
a gate electrode 29 formed via a gate insulating film 28 on a
surface of the p-type semiconductor layer 24 interposed
between the n-type source region 27 and the n-type well
region 44. A region 26 acts as a contact auxiliary layer for a
base region. Reference numeral 30 denotes an interlayer insu-
lating film. A source electrode (not depicted) is disposed on
the region 27 and the region 26. A drain electrode (not
depicted) is disposed on the back surface of the semiconduc-
tor substrate 21.

The n-type well region 44 has an N-counter layer 25 and
the n™ type epitaxial layer 22 and makes up a channel region
38. The n-type well region 44 is provided with a divided
region 41 that is the same as the P* type semiconductor layer
23 and a divided region 40 that is the same as the p~ type
semiconductor layer 24. The region 26 acts as a contact aux-
iliary layer for a base region. Reference numeral 30 denotes
an interlayer insulating film. A region 37 is a linking-portion
lower region in the n~ epitaxial layer 2.

A joining portion 45 has a joining portion 35 of the p~
epitaxial layer 24 and a joining portion 36 of the P* layer 3 of
FIG. 4C and is disposed immediately beneath the gate insu-
lating film 28 and the gate electrode 29. Reference numeral 42
denotes a unit cell pattern. Practically, the required number of
such cell patterns is arranged on a plane.

The joining portion 45 makes up a unit ensuring the spread
of a depletion layer without a void space so as not to leave a
portion of a well not closed by the depletion layer when the
depletion layer completely spreads in the channel portion of
the well, includes a point that is farthest and equidistant from
the centers of all the source regions facing each other and that
is closest and equidistant from end portions farthest from the
centers of the source regions in a plane in a direction along a
substrate surface (in the planar view), has the joining portion
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36 of the P* layer 3 (second-conductivity-type region for
protecting the gate oxide film) and the joining portion 35 of
the p~ epitaxial layer 24 (base region), and is disposed inte-
grally with the respective portions thereof.

The joining portion is configured on the basis of a configu-
ration of the source region. In cell electrode (source elec-
trode), an outer shape of a surface along a substrate surface is
formed into an electrode shape that is the same shape as, or a
similar reduced shape of, an outer shape of the surface of the
source region. In particular, the outer shape of the cell elec-
trode (source electrode) is preferably formed into the similar
reduced shape slightly smaller than the outer shape of the
source region.

In the case of a stripe cell pattern, the joining portion is
integrally disposed in the second-conductivity-type region
and the base region so as to include a point that is farthest and
equidistant from the centers of all the source regions 27 facing
each other and that is closest and equidistant from end por-
tions farthest from the centers of the source regions in the
planar view.

Although the position of the joining portion 45 is not
directly above a gap 43 of outlines of depletion layers 39 in
the third embodiment 3, the joining portion 45 can push the
gap of the outlines of the depletion layers 39 away from
immediately beneath the gate electrode 29 outward to a posi-
tion of a sufficient distance even in this structure such that the
field strength is attenuated and therefore, this eliminates the
problem of dielectric breakdown due to the electric field
concentration on the gate oxide film 28.

As depicted in FIG. 5B, by applying the unit ensuring the
spread of the depletion layer without a void space so as not to
leave a portion of the well not closed by the depletion layer
when the depletion layer completely spreads in the channel
portion of the well, the outline 19 of the depletion layer
spreads through the channel region 38 to the gate insulating
film 28 until the channel region 38 of the well is completely
blocked by the outline 39 of the depletion layer extending
from the P* layer 23 to the channel region 38. In this case,
since the joining portion 45 is continuously formed in the
longitudinal direction of the P* layer 23 as depicted in FIG.
5C and therefore, since a space from the drift layer 22 to the
oxide film 28 is isolated immediately beneath the gate oxide
film 28 and the gate electrode 29, the outline 39 of the deple-
tion layer is suppressed by the linking-portion lower region
37 in the n~ epitaxial layer 22 and does not extend to the gate
oxide film 28.

Functions/effects of the joining portion 45 will be
described with reference to FIG. 5A, 5B, 5C, 5D, and 5E.
FIG. 5E is an explanatory view when the joining portion 45
characterizing the present invention is omitted from the third
embodiment depicted in FIG. 4A, 4B, and 4C.

While a well is blocked by a depletion layer, the depletion
layer is generally formed as the outline 39 indicated by a
dotted line. On a line connecting center points of facing stripe
cells through a straight line (see FIG. 5A), the outlines 39 of
the mutually facing depletion layers are formed in contact
with each other such that the well is completely blocked (see
FIG. 5A). However, on a line connecting center points of
facing stripe cells as indicated by a line segment G-H, a gap
43 of the outlines of the depletion layers is formed by the
outlines 39 of the depletion layers coming into contact with
the gate oxide film 28, as indicated by portions surrounded by
a circle mark ¢ and a circle mark d of FIG. 5E (gaps are
exemplarily illustrated with hatched lines in see FIG. 5A. As
aresult, an electric field may concentrate on the oxide layer 28
through the gap 43 of the outlines of the depletion layers,
resulting in dielectric breakdown.
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Inthis regard, in the vertical SiC-MOSFET in the stripe cell
pattern of the present invention, as depicted in FIG. 5D, the
joining portion 45 has the joining portion 36 of the P* layer 23
(second-conductivity-type region for protecting the gate
oxide film) and the joining portion 35 of the p~ epitaxial layer
24 (base region) and is disposed across both ends of facing
stripe cell regions (in this case, the source regions 27) and
therefore, as depicted in FIG. 5D, the outlines 39 of the
depletion layers are biased and bent away from the gate oxide
film 28 by the joining portion 45 as compared to the example
depicted in FIG. 5E. Therefore, in the case of FIG. 5D, since
the gap 43 of the outlines of the depletion layers has a longer
distance to the gate oxide film 28 as compared to the case of
FIG. 5E, the electric field concentration is alleviated and the
dielectric strength is improved. In other words, since the
joining portion 45 is disposed in the case of FIG. 5D, the
outlines 39 of the depletion layers 39 can be restrained from
coming closer to the gate oxide film 28. This action is attained
even if the joining portion 45 is not continuously disposed in
a stripe cell region (in this example, the source region 27) or
is disposed only in the gap 43 of the outlines of the depletion
layers.

As a result, because of the joining portion 45, the gap 43 of
the outlines of the depletion layers formed by the outlines 39
of'the depletion layers coming into contact with the gate oxide
film 28 is not generated at a closer location that may cause
dielectric breakdown due to electric field concentration as in
the example without the joining portion 45 depicted in FIG.
5E, the breakdown voltage can be improved. In other words,
although the position of the joining portion 45 is not directly
above the gap 43 of the outlines of the depletion layers 39 in
the third embodiment 3, the joining portion 45 can push the
gap 43 of the outlines of the depletion layers 39 away from
immediately beneath the gate electrode 29 outwards to a
position of a sufficient distance even in this structure such that
the field strength is attenuated and therefore, this eliminates
the problem of dielectric breakdown due to the electric field
concentration on the gate oxide film 28.

A fabrication method of the element of the third embodi-
ment of the present invention will hereinafter be described.

The SiC-MOSFET of the present invention was produced
with specifications of 1200V and 25 A at the same fabrication
steps as the first embodiment. The crystallographic plane
index of the n-type semiconductor substrate 21 indicated a
plane tilted by 4 degrees relative to (000-1), and the n-type
SiC layer 22 having about 1.8x10® cm™ of nitrogen was
epitaxially grown by 10 um on the plane. The element was
designed in the stripe cell pattern in the third embodiment.
Therefore, the P* layer 23 is disposed in a structure as
depicted in FIGS. 4A, 4B, and 4C such that the P-base layer
24 and the P* layer 23 are joined. The other steps are the same
as the steps of the first embodiment.

The electrical properties evaluation results of the SiC-
MOSFET designed in the stripe cell pattern of the present
invention of FIGS. 4A, 4B, and 4C are depicted as the third
embodiment in Table 1 of FIG. 11. Although the ON-resis-
tance increases by 10% as compared to the embodiment
described above, it can be seen that the ON-resistance and
high breakdown voltage characteristics are sufficiently lower
as compared to normal SiC-MOSFETs.

Fourth Embodiment

A fabrication method of the element of the fourth embodi-
ment will be described with reference to FIG. 3.

First, the n-type SiC semiconductor substrate 1 is prepared.
In this example, the semiconductor substrate 1 is the low-
resistance SiC semiconductor 1 having about 2x10'° cm™ of
nitrogen as impurities. The crystallographic plane index of



US 9,362,392 B2

19

the n-type semiconductor substrate 1 indicates a plane tilted
by 4 degrees relative to (000-1), and the n-type SiC layer 2
having about 1.8x10"® cm™ of nitrogen is epitaxially grown
by 10 pum on the plane. The P* layer 3 is formed thereon with
a width of 13 pm and a thickness of 0.5 um by the epitaxial
method. Aluminum is used for impurity ions in this case. A
dosage is set so as to achieve an impurity concentration of
1.0%10"® em™. As is the case with the first embodiment,
portions of the P* layer 3 are joined to each other (see FIG.
3(62)).

Although the element is created in the hexagonal cell pat-
tern in this embodiment, a rectangular cell pattern, etc. are
possible without problem. The distance between the uncon-
nected portions of the P* layer 3 is set to 2 um (see FIG. 3(a)).
The P-base layer 4 is then formed with a thickness of 0.5 um
on the P* layer 3 and the n-type layer 2 by the epitaxial growth
method. The impurity in this case is aluminum and the impu-
rity concentration is set to 2.0¥10'S cm™. Subsequently,
nitrogen ions are selectively implanted as the N-counter layer
5 such that the linked portions of the P-base layer 4 and the P*
layer 3 are partially left so as not to allow a gap of an electric
field to reach the gate oxide film 8, and the n* source layer 7
and the P+ contact layer 6 are selectively formed in the P-base
layer 4. The concentration, thickness, and width of the
counter layer 5 are the same as the first embodiment. Activa-
tion annealing is then performed. Heat treatment temperature
at 1620 degrees C. for two minutes is performed.

Subsequently, the gate oxidation film 8 is formed with a
thickness of 100 nm by thermal oxidation and is annealed at
around 1000 degrees C. in a hydrogen atmosphere. A poly-
crystalline silicon layer doped with phosphorus is formed as
the gate electrode 9 and after patterning and the formation of
the source electrode (not depicted) on the layers 7 and 6, a
1.0-um-thick film of phosphorus glass is formed as the inter-
layer insulating film 10. After patterning and heat treatment,
a film of aluminum 11 having 1% silicon is formed to a
thickness of 5 um on the surface by the sputtering method. A
film of the nickel 12 is formed on the back surface of the
element and, after heat treatment at 970 degrees C., a film of
Ti/Ni/Au 13 is formed. The protection film 14 is added to the
surface to complete the element.

Measurement results of electrical properties of the SiC-
MOSFET created in this way are described as the fourth
embodiment in Table 1 of FIG. 11. A die size is 3 mm square
with an active area of 5.27 mm? and rated current is 25 A. The
ON-resistance (RonA) is a sufficiently low value of 2.90
mQcm? and the initial element breakdown voltage is 1454 V,
which is sufficiently good characteristic for a 1200-V ele-
ment. When films were formed in the same way on planes
tilted by an arbitrary angle greater than or equal to 0 degrees
and less than or equal to 10 degrees, for example, 0, 2, 8, and
10 degrees, relative to (000-1) in terms of the crystallographic
plane index of the n-type semiconductor substrate 1 and the
fabricated elements were evaluated, the characteristics were
almost unchanged and were favorable.

Fifth Embodiment

A MOSFET was produced with specifications of 1200 V
and 25 A at the same fabrication steps as the fourth embodi-
ment. However, in this embodiment, the crystallographic
plane index of the n-type semiconductor substrate 1 indicated
a plane tilted by 4 degrees relative to (0001), and the n-type
SiC layer 2 having about 1.8x10"® cm™ of nitrogen was
epitaxially grown by 10 pm on the plane. The other steps are
completely the same.

The electrical properties evaluation results of the produced
element are described in Table 1 of FIG. 11. Although the
ON-resistance increases to 4.40 mQcm? by 50% as compared
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to the fourth embodiment, it can be seen that the ON-resis-
tance characteristic is sufficiently lower as compared to nor-
mal SiC-MOSFETs.

When films were formed in the same way on planes tilted
by an arbitrary angle greater than or equal to O degrees and
less than or equal to 10 degrees, for example, 0, 2, 8, and 10
degrees, relative to (0001) in terms of the crystallographic
plane index of the n-type semiconductor substrate 1 and the
element evaluation was performed for the created elements,
the characteristics were almost unchanged and were favor-
able.

As a result of switching loss evaluation of the SiC-MOS-
FETs created in the first to fourth embodiments, it is con-
firmed that both the turn-on and turn-off losses are reduced by
as much as 60% or more as compared to an Si-IGBT of the
same rating (1200V, 25 A) as depicted in FIG. 7.

Although not described in the embodiments, the present
invention is obviously applicable to IGBTs using semicon-
ductor substrates of conductive types different from MOS-
FETs.

In the case of IGBTs, in FIG. 3, the element has a configu-
ration in which all the constituent elements are employed in
the same way except that the substrate 1 is a P* substrate, and
is manufactured by the fabrication method of FIG. 3. In the
case of IGBTs, the first to fiftth embodiments have a configu-
ration in which the substrate 1 is a P* substrate. As a result, the
desired objects and effects described above are produced.

EXPLANATIONS OF LETTERS OR NUMERALS

1 N* substrate/P™ substrate

2 N~ epitaxial layer (drift layer)

3 P* layer (second-conductivity-type region for protecting
a gate oxide film)

4 p~ epitaxial layer (base region)

5 N-counter layer

6 contact auxiliary layer for a (P*) base region

7 (N*) source region

8 gate oxide film

9 gate electrode (polycrystalline Si layer)

10 interlayer insulating film

11 Al film layer

12 Ni film layer

13 Ti/Ni/Au film layer

14 protection film

15 (P~ epitaxial layer 4) joining portion

16 (P* layer 3) joining portion

17 (N~ epitaxial layer 2) joining-portion lower portion

18 channel region

19 outline of a depletion layer

20 N-well layer

21 N* substrate/P™ substrate

22 N epitaxial layer (drift layer)

23 P* layer (second-conductivity-type region for protect-
ing gate oxide film)

24 P~ epitaxial layer

25 N-counter layer

26 contact auxiliary layer for a (P*) base region

27 (N*) source region

28 gate oxide film

29 gate electrode (polycrystalline Si layer)

30 interlayer insulating film

31 Al film layer

32 Ni film layer

33 Ti/Ni/Au film layer

34 protection film

35 (P~ epitaxial layer 4) joining portion
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36 (P* layer 3) joining portion
37 (N~ epitaxial layer 2) connecting-portion lower portion
38 channel region
39 outline of a depletion layer
40 divided region (of the base region 4)
41 divided region (of the P* layer 3)
42 cell unit
43 gap of outlines of depletion layers
44 N-well layer
45 contacting portion (stripe cell)
46 contacting portion (hexagonal cell)

The invention claimed is:

1. A vertical high-voltage semiconductor device compris-

ing:

a first-conductivity-type semiconductor substrate;

a first-conductivity-type semiconductor layer formed on
the semiconductor substrate and having a concentration
lower than the semiconductor substrate;

a high-concentration second-conductivity-type semicon-
ductor layer selectively formed in a surface of the semi-
conductor layer;

a second-conductivity-type relatively low concentration
semiconductor base layer formed on the first-conductiv-
ity-type semiconductor layer and the second-conductiv-
ity-type semiconductor layer;

a first-conductivity-type source region selectively formed
in a surface layer of the second-conductivity-type base
layer;

a first-conductivity-type well region formed to penetrate
the second-conductivity-type base layer from a surface
to the first-conductivity-type semiconductor layer;

a gate electrode layer disposed via a gate insulating film on
at least a portion of a surface exposed portion of the
second-conductivity-type  base layer interposed
between the first-conductivity-type source region and
the first-conductivity-type well region;

a source eclectrode connected via the first-conductivity-
type source region and a contact auxiliary layer to the
second-conductivity-type base layer; and

a drain electrode disposed on a back surface of the first-
conductivity-type semiconductor substrate, wherein

portions of the high concentration second-conductivity-
type layer and the second-conductivity-type base layer
are joined outside of the well region so as to include a
point that is farthest and equidistant from centers of all
the source regions facing each other and that is closest
and equidistant from end portions farthest from the cen-
ters of the source regions in a planar view.

2. The vertical high-voltage semiconductor device of claim

1, wherein

the vertical high-voltage semiconductor device has:

a first-conductivity-type semiconductor substrate;

a first-conductivity-type semiconductor layer formed on
the semiconductor substrate by epitaxial growth and
having a concentration lower than the semiconductor
substrate;

a high-concentration second-conductivity-type semicon-
ductor layer selectively formed in the semiconductor
layer by a ion implantation method;

a second-conductivity-type base layer with a relatively low
concentration formed on the first-conductivity-type
semiconductor layer and the second-conductivity-type
semiconductor layer by an epitaxial growth method;

a first-conductivity-type source region selectively formed
in a surface layer of the second-conductivity-type base
layer; and
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a first-conductivity-type well region formed by an ion
implantation method to penetrate the second-conductiv-
ity-type base layer from a surface to the first-conductiv-
ity-type semiconductor layer.

3. The vertical high-voltage semiconductor device of claim

, wherein

the semiconductor material is a semiconductor material
with a band gap of 2.2 eV or higher.
4. The vertical high-voltage semiconductor device of claim

, wherein

the semiconductor material is silicon carbide.
5. The vertical high-voltage semiconductor device of claim

, wherein

a crystallographic plane index of the first-conductivity-
type semiconductor substrate indicates a plane tilted by
an arbitrary angle greater than or equal to 0 degrees and
less than or equal to 10 degrees relative to (000-1).

6. The vertical high-voltage semiconductor device of claim

, wherein

a crystallographic plane index of the first-conductivity-
type semiconductor substrate indicates a plane tilted by
an arbitrary angle greater than or equal to 0 degrees and
less than or equal to 10 degress relative to (0001).

7. The vertical high-voltage semiconductor device of claim

1, wherein

the semiconductor material is a semiconductor material
with a band gap of 2.2 eV or higher.
8. The vertical high-voltage semiconductor device of claim

1, wherein

the semiconductor material is silicon carbide.
9. The vertical high-voltage semiconductor device of claim

, wherein

a crystallographic plane index of the first-conductivity-
type semiconductor substrate indicates a plane tilted by
an arbitrary angle greater than or equal to 0 degrees and
less than or equal to 10 degrees relative to (000-1).

10. The vertical high-voltage semiconductor device of

claim 8, wherein

a crystallographic plane index of the first-conductivity-
type semiconductor substrate indicates a plane tilted by
an arbitrary angle greater than or equal to 0 degrees and
less than or equal to 10 degrees relative to (0001).

11. A fabrication method of a vertical high-voltage semi-

conductor device, comprising:

epitaxially growning a first-conductivity-type SiC layer
acting as a drift layer on a first-conductivity-type SiC
semiconductor substrate;

forming a second-conductivity-type semiconductor layer
by implanting ions into a predetermined region of the
first-conductivity-type SiC layer;

epitaxially growning a second-conductivity-type semicon-
ductor base layer on the first-conductivity-type SiC
layer and the second-conductivity-type semiconductor
layer;

forming a first-conductivity-type counter layer by implant-
ing ions into portions of the second-conductivity-type
semiconductor layer and the second-conductivity-type
semiconductor base layer such that respective joining
portions of the second-conductivity-type semiconductor
layer and the second-conductivity-type semiconductor
base layer are partially left; and

selectively forming in the second-conductivity-type base
layer, a source region of a first-conductivity-type source
layer and a second-conductivity-type contact layer.



US 9,362,392 B2
23

12. The fabrication method of a vertical high-voltage semi-
conductor device of claim 11, wherein
integrally providing the second-conductivity-type semi-
conductor region and the base layer with respective join-
ing portions that include a point that is farthest and 5
equidistant from centers of all the source regions facing
each other and that is closest and equidistant from end
portions farthest from the centers of the source regions in
a planar view.
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